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ABSTRACT
By means of idealized, dissipationless N-body simulations which follow the formation and subsequent buckling of a stellar bar, we
study the characteristics of boxy/peanut-shaped bulges and compare them with the properties of the stellar populations in the Milky
Way bulge. The main results of our modeling, valid for the general family of boxy/peanut shaped bulges, are the following: (i) because
of the spatial redistribution in the disk initiated at the epoch of bar formation, stars from the innermost regions to the outer Lindblad
resonance of the stellar bar are mapped into a boxy bulge; (ii) the contribution of stars to the local bulge density depends on their
birth radius: stars born in the innermost disk tend to dominate the innermost regions of the boxy bulge, while stars originating closer
to the OLR are preferentially found in the outer regions of the boxy/peanut structure; (iii) stellar birth radii are imprinted in the bulge
kinematics, the larger the birth radii of stars ending up in the bulge, the greater their rotational support and the higher their line-of-
sight velocity dispersions (but note that this last trend depends on the bar viewing angle); (iv) the higher the classical bulge-over-disk
ratio, the larger its fractional contribution of stars at large vertical distance from the galaxy mid-plane. Comparing these results with
the properties of the stellar populations of the Milky Way’s bulge recently revealed by the ARGOS survey, we conclude that: (I) the
two most metal-rich populations of the MW bulge, labeled A and B in the ARGOS survey, originate in the disk, with the population
of A having formed on average closer to the Galaxy center than the population of component B; (II) a massive (B/D∼0.25) classical
spheroid can be excluded for the Milky Way, thus confirming previous findings that the Milky Way bulge is composed of populations
that mostly have a disk origin. On the basis of their chemical and kinematic characteristics, the results of our modeling suggests that
the populations A, B and C, as defined by the ARGOS survey, can be associated, respectively, with the inner thin disk, to the young
thick and to the old thick disk, following the nomenclature recently suggested for stars in the solar neighborhood by Haywood et al.
(2013).
Key words. ...
1. Introduction
Boxy and peanut shaped bulges are present in about half
of edge-on disk galaxies (Lu¨tticke et al. 2000). The clos-
est example of a boxy bulge can be found in our Galaxy
(Okuda et al. 1977; Maihara et al. 1978; Weiland et al. 1994;
Dwek et al. 1995). Even if some studies (Binney & Petrou
1985; Whitmore & Bell 1988) have proposed that these struc-
tures can be formed during accretion events, their high fre-
quency and relation to the fraction of barred galaxies in
disks (Eskridge et al. 2000; Mene´ndez-Delmestre et al. 2007;
Marinova & Jogee 2007; Aguerri et al. 2009) suggest that a
more common mechanism may be responsible for shaping the
central regions of galaxies, giving them their boxy- or peanut-
shaped morphology.
A number of numerical investigations (Combes & Sanders
1981; Pfenniger et Friedli 1991; Athanassoula 2005;
Martinez-Valpuesta et al. 2006) have indeed shown that
boxy bulges can be manifestations of secular processes that
occur in disk galaxies such as thick stellar bars seen edge on.
During their evolution, stellar bars can indeed go through one
(or multiple) buckling phase(s), which are the consequences of
vertical instabilities, and depending on the bar viewing angle,
the resulting thick structure can appear boxy, if observed mainly
along the bar major axis, or peanut-shaped, if observed mainly
along the bar minor axis. It is also possible that a combination
of these mechanisms, satellite accretion and bar instability, may
be responsible for some of the observed bulge morphologies
(Mihos et al. 1995).
Observations suggest that boxy bulges do not represent a ho-
mogeneous class of objects. Studies of galaxies indeed demon-
strate that boxy bulges display a range of properties in their kine-
matics and stellar populations (Williams et al. 2011). Some of
them show a constant rotation with height above the plane, while
some others do not, thus indicating that cylindrical rotation does
not necessarily characterize these structures; some of them show
negative vertical metallicity gradients, that can be accompanied
by positive [α/Fe] gradients, while some are more homogenous,
indicating that different stellar populations can dominate these
structures at different vertical distances from the galaxy mid-
plane. The complexity of the observed characteristics may be
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also due to the concomitant presence of a classical1 bulge in the
inner regions of some galaxy disks. It is not simple to identify the
presence of such components in boxy or peanut-shaped struc-
tures by the characteristics of their stellar populations and/or
kinematics. The existence of a vertical metallicity gradient, for
example, does not necessarily imply the presence of a classical
bulge (Bekki & Tsujimoto 2011; Martinez-Valpuesta & Gerhard
2013); the detection of cylindrical rotation does not necessarily
imply that the boxy bulge is the result of pure bar instabilities
(Saha et al. 2012, 2013).
The question of understanding how much of a classical
bulge is present in structures otherwise mostly shaped by
secular evolution processes is fundamental not only in in-
terpreting observations of galaxies, but also for understand-
ing the formation and evolution of the central regions of the
Milky Way. Indeed, over the last two decades, a number of
studies have elucidated the complexity of the boxy, peanut-
shaped structure at the center of our Galaxy (McWilliam & Rich
1994; Zoccali et al. 2006; Lecureur et al. 2007; Zoccali et al.
2008; Babusiaux et al. 2010; Shen et al. 2010; Ness et al. 2012,
2013a,b; Gonzalez et al. 2013; Bensby et al. 2013), but no con-
sensus has yet been reached on how to interpret these important
results.
A number of studies have shown evidence of the presence of
a metal poor, α-enriched component, whose kinematic proper-
ties are significantly different from that of the metal-rich, nearly
solar [α/Fe] bulge component (Babusiaux et al. 2010; Hill et al.
2011; Ness et al. 2013b). Babusiaux et al. (2010), for example,
have pointed out the presence of two distinct populations along
the bulge minor axis, with distinct kinematic properties: a metal-
poor population ([Fe/H]∼-0.3 dex) whose radial velocity dis-
persion is constant with latitude, and a metal rich population
([Fe/H]> 0.1 dex) whose radial velocity dispersion decreases
substantially with the distance from the Galactic mid-plane. The
contribution of these two populations changes with latitude, the
metal rich component disappearing when moving away from the
plane, where the metal poor population is becoming dominant.
By comparing the data with the N-body model of Fux (1999),
Babusiaux et al. (2010) interpreted these two populations as be-
ing the signature in the inner Galactic disk of the simultaneous
presence of a classical metal-poor bulge and a metal-rich popu-
lation with bar-like kinematics. However, the presence of a clas-
sical bulge in the Milky Way disk and even its role in explaining
the characteristics of the observed metal poor, α-enhanced pop-
ulation is debated. Shen et al. (2010), for example, have ques-
tioned the existence of any classical bulge in the Milky Way,
ruling out the possibility that our Galaxy has a classical bulge
with a mass greater than ∼15% of the stellar disk mass.
In addition, recent studies have pointed out the similarities
between the metal poor populations of the galactic bulge and
the thick disk population at the solar vicinity (Mele´ndez et al.
2008; Ryde et al. 2010; Alves-Brito et al. 2010; Bensby et al.
2010; Gonzalez et al 2011; Ness et al. 2013a). The ARGOS sur-
vey (Freeman et al. 2013), in particular, is currently mapping the
Galactic bulge over a large extent of latitudes and longitudes,
contributing significantly to our understanding of how the bulge
populations differ in their spatial redistribution, chemical prop-
erties and kinematics (Ness et al. 2012, 2013a,b). The results of
this survey mainly suggest the existence of at least three pri-
mary components in the Milky Way bulge. Two components
1 In the following, by classical bulge we mean a spheroidal com-
ponent, not formed by disk instabilities, but rather through mergers or
some dissipative collapse at early phases of the galaxy formation.
(defined respectively as component A and B in their paper), with
[Fe/H]>−0.5 dex, are part of the boxy/peanut shaped bulge, with
component B ([Fe/H]∼-0.25 dex) being dynamically hotter than
component A ([Fe/H]∼0.1 dex), rotating 20% faster than A, and
being more prominent at high latitudes; component C ([Fe/H]<-
0.5 dex) has the highest radial velocity dispersions in the fields
analyzed, nearly constant both in latitude and longitude, and has
been explained by Ness and collaborators as part of the inner
thick disk.
Is it possible to explain the complexity and richness of these
data with a “simple” scenario for the formation of the Milky Way
bulge? How many of the observed characteristics, for example,
are due to a complex accretion history for the Galaxy and how
much is due to secular evolution of the disk, with the possible
contribution of an older and more metal-poor thick-disk compo-
nent and/or a classical spheroid?
In this paper, we try to answer to some of these questions by
showing that at least part of the characteristics observed among
the stellar populations of the Galactic bulge, such as the angular
momentum support, radial velocity dispersions, and dependence
of the fractional contribution of different stellar populations on
latitude, can be explained as the simple result of the mapping
of a stellar disk onto a boxy/peanut-shaped bulge. We will show
that a large portion of the stellar disk, from the innermost re-
gions to the outer Lindblad resonance of the bar, is involved in
the formation of a boxy/peanut structure, as a result of the radial
migration initiated before the buckling instability of the forma-
tion of the bar.
In particular, we will show that the two populations con-
tributing to the boxy structure (component A and B in Ness et
al papers) have kinematic and spatial characteristics compati-
ble with a origin in different regions of the disk. Specifically,
we show that, on average, component B formed from stars with
initial radii larger than the stars that comprise component A.
On the basis of the observed characteristics, the spatial distri-
bution, chemistry and kinematics, we propose that component
B is mostly made of the young MW thick disk (stellar ages
between 8 and 10 Gyr, as observed at the solar neighborhood;
Haywood et al. 2013), while A is mostly made of stars that orig-
inated in the inner thin disk. The presence of a small (B/D=0.1),
classical bulge is not excluded and we propose a possible sig-
nature of its presence should be searched for in observations of
the bulge. We will discuss the possibility that the old thick disk
(ages greater than 10 Gyr; Haywood et al. 2013) is the main con-
tributor to component C, which is not part of the boxy/peanut
structure.
The paper is organized as follows: after describing the N-
body models used for the analysis (Sect. 2), we will present the
main results from an analysis of these simulations in Sects. 3 and
4; then in Sect. 5, we state the main conclusions of our work.
2. Initial conditions and numerical method
The set of three simulations analyzed in this paper are the
same already presented in Di Matteo et al. (2013): they consist
of an isolated disk, with a varying bulge-to-disk ratio (B/D=0.,
0.1 and 0.25, respectively), and containing no gas. The dark
halo and the optional bulge are modeled as a Plummer sphere
(Binney & Tremaine 1987). The dark halo has a mass MH =
1.02×1011M⊙ and a characteristic radius rH=10 kpc. The bulge,
when present, does not rotate initially (but see Sect. 3.4 for
its final rotational content), has a mass MB = 9 × 109M⊙ and
characteristic radius rB=1.3 kpc, for the case with B/D=0.1,
and MB = 2.2 × 1010M⊙ and rB=2 kpc, for the case with
Di Matteo et al.: Mapping a stellar disk into a boxy bulge 3
Fig. 3. (From top to bottom:) Face-on density distribution of stars of various birth radii: rini ≤ 0.4rbar; 0.4rbar ≤ rini ≤ 0.7rbar;
0.7rbar ≤ rini ≤ rbar; rbar ≤ rini ≤ 1.3rbar; 1.3rbar ≤ rini ≤ 1.6rbar; 1.6rbar ≤ rini ≤ 1.9rbar. Different columns correspond to different
times, as indicated. In each panel, the average initial radius is indicated by a white circle.
B/D=0.25. The stellar disk follows a Miyamoto-Nagai density
profile (Binney & Tremaine 1987), with mass M∗ = 9 × 1010M⊙
and vertical and radial scale lengths given by h∗=0.5 kpc and
a∗=4 kpc, respectively. The initial disk size is 13 kpc (that is,
initial stellar positions are generated between r=0 and r=13 kpc;
see Appendix A for models employing an initially more ex-
tended stellar disk), and the Toomre parameter is set equal to
Q=1.8. The galaxy is represented by Ntot = 30720000 parti-
cles redistributed among dark matter (NH = 10240000) and stars
(Nstars = 20480000). To initialize particle velocities, we adopted
the method described in Hernquist (1993). The amplitude of the
initial fluctuations around the equilibrium virial ratio Qvir in the
resulting models is ∆Qvir/Qvir ∼1% over the first Gyr of evolu-
tion.
To model galaxy evolution, we employed a Tree-SPH code,
in which gravitational forces are calculated using a hierarchical
tree method (Barnes & Hut 1986). The code has been presented
in Semelin & Combes (2002) and we refer the reader to this pa-
per for a full description. For the dissipationless simulations an-
alyzed in this paper, the SPH part of the code has been switched
off, and gravitational forces are calculated using a tolerance pa-
rameter θ = 0.7 and include terms up to the quadrupole order
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Fig. 1. (Top panel): Surface density profiles of the initial mod-
eled bulgeless galaxy seen face-on (black curve), after 1.0 Gyr of
evolution (blue curve) and after 3.9 Gyr of evolution (red curve).
(Bottom panel): The initial circular velocity of disk stars (black
curve), after 1.0 Gyr of evolution (blue curve) and 3.9 Gyr of
evolution (red curve).
Table 1. Fraction of stars in the bar region: For five different re-
gions of provenance in the disk (first column), the percentage of
stars with pericenter radii (second column) and apocenter radii
(third column) inside the bar are shown. Also, the percentage of
stars inside the bar whose apocenters are smaller than their birth
radii is given (fourth column).
% rmin < rbar % rmax < rbar % rmax < rbar
& rmax < rini
rini ≤ 0.4rbar 100 98 –
0.4rbar < rini ≤ 0.7rbar 100 90 32
0.7rbar < rini ≤ rbar 99 75 27
rbar < rini ≤ 1.3rbar 93 30 18
1.3rbar < rini 85 8 8
in the multiple expansion. A Plummer potential is used to soften
gravity at scales smaller than ǫ = 50 pc. With this spatial resolu-
tion, it is possible to resolve the vertical structure of thin disks,
and follow small scale inhomogeneities.
The equations of motion are integrated over 4 Gyr, using a
leapfrog algorithm with a fixed time step of ∆t = 0.25 × 105 yr.
Some of the main characteristics of the simulated models and
their evolution are shown in Fig. 1.
3. Results
Several studies have pointed out the possibility that stars ob-
served today at a given location of a galaxy disk may be born
in very different regions from those where they are currently
observed (Sellwood & Binney 2002; Debattista et al. 2006;
Ros˘kar et al. 2008a,b; Minchev & Famaey 2010; Minchev et al.
Fig. 2. (Top panel:) Evolution of the A1 (black line), A2 (red
line), A4 (blue line) asymmetries versus time for the model with
B/D=0. The Ai values are normalized to the m = 0 value, A0.
(Bottom panels:) Face-on and edge-on views of the stellar com-
ponent of the bulgeless disk galaxy at the end of the simulation.
2011; Brunetti et al. 2011; Minchev et al. 2011, 2012). All these
investigations have explored the impact this redistribution has
on the observed properties of stellar disks, in particular on their
external regions. None has yet investigated in detail the effect of
this redistribution on the properties of the bar and bulge regions
of disk galaxies. In the following sections, we show that this
impact is significant and cannot be neglected when interpreting
the observed properties of boxy/peanut shaped structures in the
Milky Way and other galaxies.
3.1. Birth radii and radial migration: face-on view
Our modeled bulgeless disk initially has an azimuthally sym-
metric stellar distribution, with no sign of asymmetries for the
first 0.8 Gyr of evolution, as shown by the Fourier analysis of
the surface density distribution of the face-on stellar disk (see
Fig. 2, top panel). At about t = 0.8 Gyr, a bar and spiral arms
start to develop, grow rapidly and stay strong for the following
Gyr, until about t = 2 Gyr. At this time the stellar bar undergoes a
vertical instability, as a consequence, its strength diminishes and
its scale height increases considerably. This is the epoch when
the bar changes from a thin structure within the plane to a thick
structure which may appear either boxy or peanut-shaped de-
pending on the angle between the observer’s line-of-sight and
the bar major axis (see Fig. 2, bottom panels). In this simula-
tion, the bar’s resonances are located at the corotation radius,
rCR=8–9 kpc, the inner Lindblad resonance, rILR=2–3 kpc and
outer Lindbland resonance, rOLR=13 kpc for simulation ages be-
tween 1 and 2 Gyr. These resonances move outwards slightly as
the bar slows down and decreases in strength. Since the OLR
in these models coincides with the initial extent of the disk (see
Sect. 2), the mapping that we will discuss in this section is lim-
ited to the disk inside rOLR. We will show in Appendix A that
these results are also valid for simulated disks whose initial ex-
tent and resonances location are different from those presented
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Fig. 4. (Top panel: ) Distribution of the orbital pericenter radii
of stars of different provenance in the disk, as indicated in the
legend. The dashed area represents stars whose pericenter radii
are inside the bar region. The arrows on the top axis indicate
the medians of the five distributions. (Middle panel: ) Same as
the top panel, but for the distribution of orbital apocenter radii.
The dashed area represents stars whose apocenter radii are in-
side the bar region, the full area stars whose apocenter radii
are also smaller then their birth radii. Distances are in units of
the initial bar scale length, rbar. (Bottom panel: ) Temporal evo-
lution of Jacoby energy in a rotating frame with pattern speed
Ω = 25km/s/kpc. For each bin in the initial Jacoby energy EJ0,
the corresponding value EJ f at time t is plotted, together with
the standard deviation of the distribution. Different colors corre-
spond to different times during the evolution of the disk: initial
time (black); axisymmetric stellar distribution (orange); epoch
of strong thin stellar bar before buckling (blue); final configura-
tion, after the formation of the boxy bulge (red).
Fig. 5. (From left to right:) Face-on maps of the angular momen-
tum variation ∆L, of the rotational support Lnorm = L/Lcirc, and
of the vertical velocity dispersion σz for stars with different birth
radii (from top to bottom: rini ≤ 0.4rbar; 0.4rbar ≤ rini ≤ 0.7rbar;
0.7rbar ≤ rini ≤ rbar; rbar ≤ rini ≤ 1.3rbar; 1.3rbar ≤ rini ≤ 1.6rbar;
1.6rbar ≤ rini ≤ 1.9rbar). In this, and in all the following maps,
all the quantities have been calculated over pixels whose size is
100pc×100pc. The strong AM redistribution following bar for-
mation is evident from the ∆L maps. The rotational support Lnorm
shown in the middle column is the ratio between the average L
at a given pixel, and the AM, Lcirc, that a star in circular orbit
at the same location would have. In each panel, the stellar bar
is aligned with the y−axis and the average initial radius is in-
dicated by a white circle. All the plots correspond to the time
t =2.75 Gyr, as indicated. Angular momenta, and their variation,
are in units of 100 km/s/kpc; velocities in units of 100 km s−1.
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in this Section, showing indeed that the disk up to the OLR
participates in the formation of the boxy-peanut shaped bulge
structure. During the whole simulation, the bar semi-major axis
length, rbar, is approximately 7-8 kpc, a factor of about two
greater than the length of the bar observed in the Milky Way.
To present our results in a more general way, independent on
the bar size in the following analysis all spatial scales are given
in units of rbar. In this unit, between t = 1 and t = 2 Gyr,
rILR = 0.3 − 0.4rbar, rCR = 1.1 − 1.2rbar, rOLR = 1.9rbar.
How does the formation and presence of asymmetries in
the disk, and in particular, the presence of the stellar bar – the
strongest asymmetry in our simulations – affect the spatial redis-
tribution of stars in the disk? To answer this question, similar to
what was done in Di Matteo et al. (2013), we have selected stars
according to their initial radii2, defining six different regions in
the disk, as follows: rini ≤ 0.4rbar, 0.4rbar ≤ rini ≤ 0.7rbar,
0.7rbar ≤ rini ≤ rbar, rbar ≤ rini ≤ 1.3rbar, 1.3rbar ≤ rini ≤ 1.6rbar,
1.6rbar ≤ rini ≤ 1.9rbar, with rini being the distance, in the disk
plane, of stars from the galaxy center. This selection is shown in
Fig. 3.
As a consequence of the angular momentum (hereafter
AM) redistribution initiated by the bar and spiral arms, stars
tend to diffuse in the disk as soon as stellar asymmetries start
to develop. However, while stars inside the inner Lindblad
resonance stay mostly confined in the inner bar region (see
also Martinez-Valpuesta & Gerhard 2013; Pfenniger et Friedli
1991), outer disk stars, in particular those at and beyond corota-
tion, migrate both outward and inward, reaching both the edges
and the center of the disk. Within a few rotational periods at the
epoch of formation of the stellar asymmetries, outer disk stars
are able to reach the inner disk, contributing to populating the
bar: their distribution shows a clear m = 2 asymmetry elongated
with the bar major axis and tends to accumulate in two stellar
over-densities at the edges of this structure (see Fig. 3). At the
onset of the bar vertical instability, those stars that are close to
the vertical inner Lindblad resonance (VILR), which is at about
0.8rbar from the center, are scattered to greater heights becom-
ing part of the boxy/peanut-shaped structure. Since stars from
a large range of initial birth radii are able to reach the bar re-
gion before its vertical buckling, as a consequence, the resulting
bulge is populated by a mixture of populations, from stars born
in situ (i.e. in the inner disk) to stars coming from all of the outer
radii, from those just outside the bar to the outermost extent of
the disk, at about 2rbar.
It is interesting to note that the orbital characteristics of stars
that end up in the bar region depend on where they originated in
the disk. Figure 4, for example, shows the distribution of orbital
pericenter (rmin) and apocenter (rmax) radii for stars originating
in five different disk regions: the median of both of these radial
distributions increases with increasing originating radii of the
stars. This effect is such that outer disk stars which end up in the
bar/bulge region tend to orbit over a larger portion of the disk
than stars born in the inner disk. This memory of their initial
location in the disk translates directly into only limited varia-
tions (see bottom panel in Fig. 4) in their Jacoby energy (see
Binney & Tremaine 1987, for a definition), as already pointed
out by Martinez-Valpuesta & Gerhard (2013). From Fig. 4 and
Table 1 one can also see that while stars born inside the VILR
2 Hereafter, we will refer to this radius as the “birth radius”. By birth
radius, we simply mean the distance from the galaxy center a star has
at the beginning of the simulation. This distance does not change sig-
nificantly for approximately the first Gyr of evolution of the disk, until
stellar asymmetries form, thus guaranteeing that the definition is robust.
are trapped in the inner disk (for example, 90% of stars with
0.4rbar ≤ rini ≤ 0.7rbar have apocenters inside the bar), outer
disk stars can have pericenters penetrating in the bar region,
and apocenters outside it; in other words not all the outer disk
stars penetrating the bar region are confined within the bar re-
gion over their whole orbit. As an example, among the stars with
rbar ≤ rini ≤ 1.3rbar, 90% of them have pericenters inside the bar
(rmin < rbar), while only 30% have their whole orbit confined
inside the bar (rmax < rbar). There is thus a high fraction – about
60% – that have pericenters penetrating inside the bar region,
but apocenters outside which lie outside of it. It is also interest-
ing to note that, among stars with rbar ≤ rini ≤ 1.3rbar, there
is a significant fraction (∼20%) whose apocenters are inside the
bar region and are also smaller than their initial birth radii (i.e.
both the conditions rmax < rbar and rmax < rini are satisfied, see
Table 1): those stars may be considered as the true migrators,
since their orbital radii have significantly changed (this is guar-
anteed by the condition rmax < rini). However, since all the stars
whose orbit penetrates, at least partially, into the bar contribute
to its properties, in the following, we adopt a more general def-
inition: “outside-in migrators” are stars that enter the bar region
and spend part of their orbit at distances from the galaxy center
smaller than their initial birth radii.
3.1.1. Angular momentum
The spatial redistribution of stars in the disk initiated at the
epoch of bar formation is a consequence of AM redistribution,
as previously shown in several papers (e.g. Minchev & Famaey
2010; Brunetti et al. 2011; Minchev et al. 2011, , among others).
Figure 5 (left column) shows maps of face-on projections in
the variation of angular momenta, ∆L, of stars born at differ-
ent radii. This variation is evaluated at times between t = 0 and
t = 2.75 Gyr. At this epoch, t = 2.75 Gyr, the bar has already ac-
quired its boxy/peanut shaped morphology. As expected, these
maps clearly show that for outside-in migrators trapped in the
bar region, those with larger birth radii experience larger AM
changes. However, it is interesting to note that, even if outside-in
migrators have experienced the largest changes, their final AM
still retains the memory of their initial birth radii: Fig. 5, middle
column, shows projected face-on maps of Lnorm = L/Lcirc, that is
of the AM, at time t, normalized by the AM of the correspond-
ing circular orbit at that radius, at the same time t. As usual,
stars have been selected with respect to their initial provenance
in the disk. From these plots, it is evident that, in the bar region,
the AM content depends on the birth radius, and that the AM
content increases for stars with larger birth radii. For example,
among the stars ultimately found in the bar, those born inside
0.4rbar have, on average, an AM content 6-7 lower than those
of stars born beyond 1.6rbar that have subsequently migrated in
the central kpcs. In other words, in the bar region, the larger the
initial birth radius of a star, the greater its final AM. As we will
discuss in the following sections, this finding has important con-
sequences for the spatial redistribution and for the kinematics
of stars in the boxy/peanut-shaped structure. Note also that stars
born inside the VILR show also an interesting trend in the ver-
tical velocity dispersion, σz (Fig. 5): inside the bar region, stars
which have smaller birth radii also have the lower σz.
3.2. Dissecting the structure of boxy/peanut bulges
If the stellar bar is the result of the mixing of various stellar pop-
ulations with different AM contents and vertical velocity dis-
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Fig. 6. (Left and central panels): Face-on and edge-on density distribution of stars born at different radii from top to bottom:
rini ≤ 0.4rbar; 0.4rbar ≤ rini ≤ 0.7rbar; 0.7rbar ≤ rini ≤ rbar; rbar ≤ rini ≤ 1.3rbar; 1.3rbar ≤ rini ≤ 1.6rbar; 1.6rbar ≤ rini ≤ 1.9rbar. The
color scale is in the same units in all left and middle panels. (Right panel): Fractional contribution of stars born at different radii to
the total local stellar density. All the plots correspond to t =3.95 Gyr, as indicated. The average initial radius is indicated by a white
circle and the bar is inclined by 20 degrees with respect to the observer’s line-of-sight.
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Fig. 7. Histograms of the birth radii of stars which populate the boxy bulge at t = 3.95 Gyr, for a simulated galaxy with B/D=0.
In each panel, stars have been sorted according to their birth radius: rini ≤ 0.4rbar (red histogram); 0.4rbar ≤ rini ≤ 0.7rbar (green
histogram); 0.7rbar ≤ rini ≤ rbar (blue histogram); rbar ≤ rini ≤ 1.3rbar (cyan histogram); 1.3rbar ≤ rini ≤ 1.6rbar (purple histogram);
1.6rbar ≤ rini ≤ 1.9rbar (yellow histogram). Each panel in the bottom figure corresponds to an element of the grid shown in the
top-right figure. For each of those elements, the contribution of stars of a given provenance in the disk has been normalized to the
total number of stars which populate that element. Only stars in the bar region, that is inside the yellow rectangle shown in the
top-left figure, have been included in this plot.
persions, it is natural to investigate how these populations are
mapped into the vertical structure of the boxy/peanut-shaped
bulge.
In Fig. 6, we show face-on and edge-on maps of the final
evolved stat of our modeled bulgeless disk (i.e. t = 3.95 Gyr).
Stars have been classified according to their birth radii. To facili-
tate the comparison to the Milky Way bar, the final configuration
has been rotated so that the bar viewing angle is about 20 degrees
(Bissantz & Gerhard 2002; Shen et al. 2010, see also Wegg &
Gerhard 2013 for a more recent estimate of the bar inclination).
Fig. 6 shows the resulting face-on maps of stars which origi-
nate from six different annuli (defined in Sect. 3.1). Stars born
in the outer regions of the simulated disk that are close to the
OLR, are found in the central kpcs of the galaxy and are part of
the bar structure. From the corresponding edge-on maps (Fig. 6)
one sees that stars with different birth radii do not redistribute in
the same way in the boxy/peanut shaped structure. Stars born in
the innermost disk regions tend to make up populations which
exhibit rounder isophotes in the projected maps than the popula-
tion made up of outside-in migrators. The shape of the stellar dis-
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tribution indeed becomes increasingly boxy/peanut-like for stars
which migrated inwards from the outer disk or were born around
the VILR. Even stars which migrated from the edge of the disk
participate in the formation of the thick bar (most keenly visi-
ble in the edge-on view of their stellar distribution which shows
the characteristic X-shape profile). This is a consequence of the
AM redistribution initiated by the formation of the bar: these
stars migrate from the outer to the inner disk at the epoch of bar
growth (see Figs. 2 and 3), and are, at the time of bar buckling,
captured at the VILR and thus participate in the orbital families
supporting the boxy/peanut shaped structure.
The dependence of the isophotal shape on individual popula-
tions with different birth radii implies that, at any given location
in the bulge, stars of different provenance have different relative
contributions to the local stellar density. This is clearly shown in
the edge-on maps of Fig. 6, where the fractional contribution to
the local stellar density of stars of different provenance are elu-
cidated. Stars born in the inner disk (rini ≤ 0.4rbar) dominate the
local stellar density only in the very inner regions of the bulge,
inside ∼0.4rbar, and their contribution to the local density de-
creases very quickly when moving horizontally or vertically out
from the center. The relative contributions of stars of increasing
birth radii reaches a maximum in progressively more distant re-
gions of the bulge. Also stars born outside the VILR are found
in the bulge and their contribution is most significant at its outer
edges.
Another way of showing this inhomogeneous mapping of a
stellar disk into a boxy bulge is shown in Fig. 7, where we have
divided the edge-on (x− z) projection of our modeled bulge into
a 5×5 grid, with each panel in the grid having a size of 0.3rbar x
0.3rbar, divided in such a way as to cover the whole extent of the
modeled bulge (that is a [−0.7rbar, 0.7rbar] × [−0.7rbar, 0.7rbar]
region; see the top-right panel for a x-z view of the grid). To
avoid contamination from foreground and background stars, in
analogy with what commonly is done in bulge surveys, we have
selected stars only inside the bar region, which in our model cor-
responds to the region defined by |y| ≤ 0.8rbar (see the top-left
panel in Fig. 6). The resulting panels in Fig. 7 show the fractional
contribution to the local stellar density of stars born in different
regions of the disk.
From this analysis, we can deduce that:
– the fractional contribution to the boxy bulge of stars of dif-
ferent provenance changes both with latitude (i.e. vertically)
and with longitude (i.e. horizontally);
– for increasing longitude at any given latitude, the contri-
bution of outside-in migrators increases, in agreement with
the dependence of the AM content on the star birth radius
(Fig. 5). For example, for the region, −0.1rbar <x< 0.1rbar
and −0.1rbar <z< 0.1rbar, only 5% of stars have birth radii
greater than rbar (i.e., external to the bar region itself). This
fraction increases to more than 25% at the edge of the bar,
close to the galaxy midplane (−0.7rbar <x< −0.4rbar and
−0.1rbar <z< 0.1rbar; 0.4rbar <x< 0.7rbar and −0.1rbar <z<
0.1rbar);
– the redistribution depends also on latitude, as expected from
the trends found for σz (Fig. 5). Along the bar minor axis,
for example, at low latitudes about 50% of the stars have
rini ≤ 0.4rbar, while, at high latitudes, half of the stars have
rini ≥ 0.7rbar, with more than 20% of the stars having an
outer disk origin (rini > rbar);
– at the edges of the X-shaped bulge structure, stars whose ori-
gin is external to the bar (i.e. with rini > rbar) represent about
30% of the total local density.
We emphasize that it is stars from all of the disk, from the
center to the OLR, that contribute to the formation and structure
of a boxy bulge, and that stars formed outside the bar region
and subsequently by bar instabilities can represent a significant
fraction of the stellar density even at high latitudes. In the next
section, we show how the birth radius of a star reflects into its
subsequent kinematics as a contributor to the bulge morphology.
3.3. Imprints of the stars birth radii on the bulge kinematics
In Fig. 8, we sort, as previously done, stars according to their
birth radius. The resulting line-of-sight velocity and velocity dis-
persion maps for these different regions are shown in Fig. 8. Note
that in this plot, both quantities are line-of-sight velocities, that
is we are considering only the velocity component parallel to the
y-axis, that is perpendicular to the x-z plane. As for Figs. 6 and
7, the bar is inclined at an angle of 20 degrees with respect to
the line-of-sight. We will fix the inclination of the bar for all the
following analysis to facilitate direct comparison with the prop-
erties of the MW. From the maps in Fig. 8, we can deduce the
following trends:
– in the bulge region, the larger the birth radius of a star, the
higher its line-of-sight velocity. As shown in Fig. 8, mov-
ing from smaller to larger birth radii, the average abso-
lute line-of-sight velocity in the galaxy mid-plane increases
from ∼100 km s−1 (rini < rbar) to more then 220 km s−1
(1.6rbar < rini < 1.9rbar). This result is clearly in agreement
with the results shown in Fig. 5, that is the larger the birth
radius of a star, the higher its AM content. As a consequence
of this higher AM, while stars born in the inner-disk regions
stay confined there, outer disk stars which have reached the
central kpcs, and which have a higher AM, span a larger vol-
ume of the bar and disk than in situ, inner-disk stars (as al-
ready shown in Fig. 4 and Table 1)
– in the bulge region, the larger the birth radius of a star, the
greater its line-of-sight velocity dispersion. For example, in
the central regions of the bulge, the velocity dispersions in-
creases from about 150 km s−1 (for stars with rini < 0.4rbar)
to about 200 km s−1 (for stars with rini > rbar). This trend
is a consequence of the previous point and of the orientation
angle of the bar. Indeed because the AM content of outside-
in migrators is higher than those of in situ stars, these stars
mostly contribute to populating the edges of the bar, thus
their orbit span a larger radial extent (i.e. a larger distance
from the galaxy center) than those of in-situ, inner-disk stars.
The bar being oriented at 20 degrees, the velocity component
parallel to the line-of-sight is determined mainly by motions
along the bar major axis. As a consequence, outer disk stars
populating the bar span the larger extent along the bar, and
thus for an orientation of 20 degrees, show the highest line-
of-sight velocity dispersions. Note that this trend of increas-
ing velocity dispersion with increasing star birth radius is
mostly evident inside the VILR. Outside this radius, stars in
the boxy bulge seem to show a line-of-sight velocity disper-
sion which is independent on their birth radius and similar to
that of stars born near VILR.
To elucidate the dependence of the stellar kinematics on the
birth radius of the stars and on latitude and to facilitate compar-
ison with observations, we have plotted the line-of-sight veloc-
ity and the velocity dispersion of stars in the bulge region, as a
function of the projected distance x from the center, for differ-
ent vertical distances z from the galaxy mid-plane. This is simi-
lar to the analysis done for observations of stars in the Galactic
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Fig. 8. Line-of-sight velocities and velocity dispersions maps for the model with B/D=0. Each panel shows stars with different birth
radii (from top to bottom: rini ≤ 0.4rbar; 0.4rbar ≤ rini ≤ 0.7rbar; 0.7rbar ≤ rini ≤ rbar; rbar ≤ rini ≤ 1.3rbar; 1.3rbar ≤ rini ≤ 1.6rbar;
1.6rbar ≤ rini ≤ 1.9rbar.) The bar is inclined by 20 degrees with respect to the observer line-of-sight. Velocities are in units of 100km
s−1. In each panel, the average initial radius is indicated by a white circle.
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Fig. 9. Line of sight velocities (top panels) and velocity dispersions (bottom panels) along the bulge major axis, subdivided into
six different projected vertical distances from the galaxy mid-plane: 0 < z < 0.07rbar (black curve); 0.07rbar < z < 0.14rbar
(green curve); 0.14rbar < z < 0.20rbar (blue curve); 0.20rbar < z < 0.28rbar (cyan curve); 0.28rbar < z < 0.35rbar (orange curve);
0.35rbar < z < 0.40rbar (red curve). Stars have been grouped accordingly to their initial birth radius: (from left to right:) rini < 0.7rbar;
0.7rbar < rini < 1.3rbar; 1.3rbar < rini < 1.9rbar.
bulge by Ness et al. (2013b), except that, to avoid having to de-
fine the Sun position in our model – which is always somewhat
arbitrary – we evaluate the line-of-sight integrated quantities in-
stead of radial velocities, i.e. instead of velocities evaluated with
respect to the Sun-star direction, as done in their investigation.
Since the relation between the two is vlos = vrcos(l), where l is
the longitude of a star, it means that at most, at the edge of the
bulge (l ∼ 15◦, see for example Freeman et al. 2013), we un-
derestimate the radial velocities of stars in our model by ∼4%.
Figure 9 shows the result of this analysis. Line-of-sight veloc-
ities (upper panels) and velocity dispersions (lower panels) are
shown as a function of x, for three different regions of prove-
nance of the stars (rini ≤ 0.7rbar, 0.7rbar < rini ≤ 1.3rbar, and
rini > 1.3rbar) and for six different vertical distances from the
galaxy mid-plane. It is clear that:
1. stars born in the inner disk show an almost cylindrical ro-
tation, while stars originating in the outer disk do not. The
resulting total (i.e. taking into account all the stars, indepen-
dent of their birth radii) line-of-sight velocity curve (Fig. 10)
still shows a cylindrical rotation, with values similar to those
observed in the Galactic bulge. For example, comparing the
vertical distances 0.14rbar ≤ z ≤ 0.35rbar with the ARGOS
fields between b = −5◦ and b = −10◦: at x/rbar = ±0.7,
which corresponds to approximately l = ±20◦, the differ-
ences in the velocity curves with latitude are ∼20 km s−1,
similar to what observed.
2. at any given latitude, stars that have their origins further out
in the disk have higher line-of-sight velocities. For exam-
ple (top panels, Fig. 9), stars born between 0.7rbar < rini ≤
1.3rbar have a vlos which is about 30% higher than that of
stars born inside 0.7rbar. This value increases up to about
40% if one compares the vlos of stars born inside 0.7rbar with
that of stars born outside 1.3rbar.
3. Whilst the total line-of-sight velocity curve is dominated
by stars originating between 0.7rbar < rini ≤ 1.3rbar (cf.
Fig. 10. Total line of sight velocity along the bulge major axis,
for six different projected vertical distances from the galaxy mid-
plane: 0 < z < 0.07rbar (black curve); 0.07rbar < z < 0.14rbar
(green curve); 0.14rbar < z < 0.20rbar (blue curve); 0.20rbar <
z < 0.28rbar (cyan curve); 0.28rbar < z < 0.35rbar (orange
curve); 0.35rbar < z < 0.40rbar (red curve). All stars, indepen-
dently on their birth radius, have been considered for this plot.
Fig. 9 and Fig. 10), innermost (rini < 0.7rbar) and outer-
most (rini > 1.3rbar) stars represent, respectively, the low and
high velocity tails of the line-of-sight velocity distribution at
different latitudes and longitudes. This is a consequence of
point 2.
4. the line-of-sight velocity dispersions show a trend with lat-
itude. This trend is in the sense that the velocity dispersion
decreases with increasing latitude (bottom panels, Fig. 9)
5. the line-of-sight velocity trends are the same for outer and
inner disk stars, but their absolute values are larger for the
former compared to the latter (Fig. 9).
The trends listed in points 3 and 4 are exactly those found by
Ness et al. (2013b) for populations A and B in the galactic bulge.
12 Di Matteo et al.: Mapping a stellar disk into a boxy bulge
Moreover, population B rotates 20% faster than A, as would be
the case if the average birth radius of the stars that make up
this component was larger on average than that of population
A (point 2). We will discuss on this important point in § 4.
3.4. Classical bulges
All our previous analysis has been restricted to the case of
a boxy/peanut shaped bulge formed in a pure stellar disk
(B/D=0.). It is natural to ask whether these results are sensi-
tive to the inclusion of a classical spheroid and what signature
would be left by the presence of such a component underly-
ing a boxy/peanut-shaped structure. With the goal of answering
these questions, we have analyzed two simulations, with an ini-
tial bulge-to-disk ratio respectively equal to B/D=0.1 and 0.25.
In this section we present the main results of this analysis.
To mimic the likely configuration of the bulge/bar of the
MW, we have rotated the stellar bar so that it has an inclina-
tion of about 20 degrees with respect to our line-of-sight in the
analysis. After removing foreground and background stars as we
have done previously (Fig. 7), we discuss the mapping of the
stellar disk into the boxy bulge for these two models (Fig. 11)3.
Concerning the birth radii of stars4 in the boxy bulge, we find
the following results:
– as was the case for B/D=0, the fraction of inner stars (rini <
0.4rbar) decreases with increasing longitude and/or latitude.
For the case with B/D=0.1, their fractional contribution
changes from more than 50%, in the galaxy central regions,
to about 20% when moving vertically along the bar minor
axis. For the case with B/D=0.25, at high latitudes the con-
tribution of inner disk stars is higher, about 35% of the total,
because at these distances from the plane the contribution of
the classical spheroid increases (Fig. 11).
– The relative contribution of inner stars to the local density
is very sensitive to changes in longitude: these stars consti-
tute the majority of the stellar mass in the inner bulge re-
gion (−0.1rbar <x< 0.1rbar and −0.1rbar <z< 0.1rbar), while
their contribution is ∼10% in the outer bulge region, for a
B/D=0.1. For a B/D=0.25, their fractional contribution in the
outer regions of the bulge is higher (at most ∼20%), and this
is a consequence of the presence of stars from the classical
bulge at these longitudes, as would be expected as the clas-
sical bulge contribution increases overall.
– as was the case for B/D=0, outer disk stars (rini > rbar, the
bar scale length in both cases) are part of the bulge structure.
Within the outer regions of the bar, indeed, they constitute
between 20 and 30% of the local stellar content.
Because of the existence of a mass-size relation for bulges
(see, for example, Gadotti 2009), the fractional contribution of a
pre-existing spheroid to the local stellar density depends on the
mass of the spheroid:
– a B/D=0.1 classical bulge is mostly confined to the inner
bulge regions (mostly inside 0.4rbar, for a bulge core radius
equal to 0.18rbar), and, in our models, its contribution to the
total stellar mass never exceeds 20%, regardless of the lon-
gitude or latitude;
3 Note that we adopted the same grid as in Fig.. 7, because the bar
spatial extent, in both cases, is similar to that of the model with B/D=0.
4 In this analysis we consider both stars initially belonging to the disk
and stars originating in the classical spheroid.
– a B/D=0.25 classical bulge, which is more extended (its ini-
tial core radius is equal to 2 kpc) and more massive, con-
tributes stars all along the boxy bulge structure. Moreover,
its contribution increases with latitude: as the thick bar stel-
lar density diminishes, the classical bulge stellar contribu-
tion increases (up to about 50% of the total, see the behavior
along the bulge minor axis in Fig. 11).
In our models, classical spheroids hidden in a boxy bulge
thus show trends which depend on their mass. To summarize:
– while a B/D=0.1 bulge nowhere in the boxy structure con-
tributes for more than 20% to the local density, a B/D=0.25
bulge can contribute as much mass as that of the bar at high
latitudes (if no other structure, like a thick disk, is present, of
course).
– While the fractional contribution of a B/D=0.1 bulge is con-
stant or slightly decreases with latitude, a B/D=0.25 bulge
shows a trend such that its contribution increases with lati-
tude, with trends similar to those observed for outside-in mi-
grators. However, while outside-in migrators are part of the
boxy/peanut shaped structure (see Fig. 6), classical bulges
are not, because of their higher velocity dispersions. In other
words, any stellar population whose orbits support the boxy
structure (as populations A and B in Ness et al. 2013b) can-
not be dominated by a classical component. Thus even if the
metallicities of the stars are compatible with those expected
from a classical bulge, on the basis of a mass-metallicity rela-
tion (Gallazzi et al. 2005; Thomas et al. 2010), the morphol-
ogy and kinematics of these stars will not be consistent with
those expected for a classical bulge. We discuss the evidence
for a classical bulge in the MW in § 4.2.
A classical component leaves signatures in the kinematics of
stars in the bulge. As found for the case with B/D=0, we confirm
that stars that originate further out the disk have higher rotational
support and velocity dispersions. That is, outside-in migrators in
the bulge are still recognizable because of their higher AM and
because they are a dynamically warmer replica of populations
born in the inner disk (Fig. 12). The trends found in § 3.3 are
thus robust and independent of the mass of a possible (hidden)
spheroid. At the same time, stars originally in the classical bulge:
– are characterized by a much lower rotational support than
stars that originate in the disk. Indeed even if stars that com-
prise the classical bulge acquire some AM during the disk
and bar formation and evolution (see also Saha et al. 2012,
2013, and Fig. 12), these stars never reach rotational veloci-
ties similar to those of disk stars, whatever their location in
the boxy structure.
– have line-of-sight velocity dispersions which diminish with
latitude, but in such a way that the steepness of the relation
is lower than that observed for stars originating in the disk
(moving vertically from low to high latitudes, the central ve-
locity dispersions decrease by ∼20%)
– have line-of-sight velocity dispersions which also diminish
with increasing longitude, but the gradient of the relation is
flatter than that measured for disk stars, regardless of their
birth radii.
4. Discussion: The Milky Way bulge
The models presented in the previous sections are intended to
simulate the formation of the bar and its subsequent buckling.
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We found that the spatial redistribution the stars in the disk un-
dergo during this period generates a structure that has proper-
ties similar to that observed in the bulge of the MW. However,
these simulations have their limitations. These simulations were
not intended to model all the components present in a galaxy
at the epoch of bar formation, but modeled only those that are
sufficiently kinematically cold to be susceptible to having their
orbital parameters changed significantly by bar formation, evo-
lution, and the instabilities and asymmetries that this evolution
generates.
The fossil chemical and dynamical record of stars in the so-
lar vicinity suggest that the thick disk of the MW formed dur-
ing a period where the gas out of which stars formed was well-
mixed chemically and highly turbulent (Haywood et al. 2013;
Snaith et al. 2014, and references therein). If the MW formed
its bar at the end of its turbulent phase, about 8-9 Gyr ago,
more than 50% of its current stellar mass was probably al-
ready in place (Snaith et al. 2014). This value is also in agree-
ment with the extrapolation of the MW thick and thin disk
masses (e.g. Fuhrmann et al. 2012) and with the estimates of
the stellar mass growth of MW-type galaxies as a function
of redshift (van Dokkum et al. 2013; Leitner 2012). The oldest
part of this stellar disk (old thick disk in the nomenclature of
Haywood et al. 2013) had probably too high vertical velocity
dispersions to be involved in the bar instability process current
values of the vertical velocity dispersions of old thick disk stars
at the solar neighborhood are around 40 km/s, see Haywood et
al. (2013). However, the youngest disk (young thick disk in the
nomenclature of Haywood et al. 2013) had much lower velocity
dispersions – current values at the solar neighborhood are ∼ 25-
30 km/s, see Haywood et al. (2013), similar to the values char-
acterizing the stellar disks modeled in this paper. In other words,
the youngest and thinnest component of the MW thick disk,
which formed between 8 and 10 Gyr ago, must have been much
more susceptible to the influences of bar instabilities than the
oldest component of the disk, the old thick disk, which formed
more than 10 Gyr ago (Haywood et al. 2013).
With these considerations in mind, we now investigate how
much of the general scheme presented in the previous section
is applicable to our Galaxy and its stellar populations. We will
mainly compare our results to the set of ARGOS papers, which
provide a detailed mapping of the MW bulge, and a ”dissection”
of its stellar populations that allows us to make a direct compar-
ison to the results of our simulations.
4.1. The disk origin of the Milky Way bulge
Briefly recapitulating the Introduction, the current picture of
the MW bulge suggests that it is made of several distinct stel-
lar populations, which have different chemical and kinematic
characteristics, and whose fractional contribution to the bulge
stellar density depends on latitude (Ness et al. 2012, 2013a,b).
Interestingly, as shown by Ness et al. (2013a), the three main
components found in the bulge – A, B and C – form a sequence
in chemical characteristics, from population A with a high mean
abundance and a low α enrichment (mean [Fe/H] and [α/Fe]∼
0.1 dex), to population B with a intermediate mean metal abun-
dance and moderate α enhancement (mean [Fe/H]∼ -0.25 dex
and [α/Fe]∼ 0.2 dex), to population C, the most metal-poor
(mean [Fe/H]∼ -0.7 dex) and α−enriched (∼ 0.3 dex) of the 3
populations. This sequence is reminiscent of that found at the so-
lar vicinity (see, e.g. Gonzalez et al 2011). This is also confirmed
by the findings of Bensby et al. (2013): the chemical character-
istics of the bulge almost perfectly tracks that of the local disk.5
The similarity in the elemental abundance distributions may im-
ply, for stars in the bulge, the existence of an age sequence simi-
lar to that found within the solar vicinity (Haywood et al. 2013).
In such a scheme, stars comprising component B would be as-
sociated with the stars that were originally part of the young
thick disk, and thus would be kinematically colder than its more
metal-poor counterpart in the old thick disk which may be the
stars that comprise component C.
Therefore, the chemical properties of the Galactic bulge sug-
gest a possible disk origin for all its main components. In the
following, we will discuss how such an evolutionary path is sup-
ported by our modeling, by showing in particular that: (a) the
kinematic characteristics of stars that comprise components A
and B are indicative of their different provenance in the disk,
with stars that makeup component B formed at larger distances
from the galactic center on average than stars that comprise com-
ponent A; (b) a significant classical spheroid can be excluded in
the MW, thus leaving a disk origin as the only possibility for
most of the stellar mass present in the MW bulge.
4.1.1. Components A and B
Of the three main components, A and B are the only ones that
participate in supporting the boxy peanut-shaped morphology of
the bulge (Ness et al. 2012). This indicates that they must have
been sufficiently kinematically cold originally to be influenced
by bar instabilities. Components A and B are detected through-
out the bulge region, but in different relative proportions: B be-
comes dominant at intermediate (b = −7.5 deg) and high lat-
itudes (b = −10 deg), while its relative contribution is com-
parable to that of A at lower heights (b = −5 deg) above the
plane (Ness et al. 2013a). Component B rotates 20% faster than
A, and has radial velocity dispersions that, at all latitudes and
longitudes, are a dynamically warmer replica of those of com-
ponent A. Our models suggest that all these characteristics can
be explained if the stars that makeup component B formed, on
average, further out in galactic disk than the stars of component
A.6 We have seen, indeed, in § 3.3 that that stars with larger birth
radii that end up in the boxy bulge have higher final rotational
5 Over the last decade, the chemical differences originally found be-
tween the bulge and the thick disk stellar sequences (Zoccali et al. 2006;
Lecureur et al. 2007; Fulbright et al. 2007) have been rather consis-
tently decreasing as we learn more (Gonzalez et al 2011; Bensby et al.
2010, 2013). In spite of the very impressive similarities that are now
seen between stars in the solar vicinity and bulge, the results of
Bensby et al. (2013) suggest a possible (small) shift between the two
samples. However, we caution that this can still be due to some resid-
ual systematic differences in the selection, analysis, and data quality
between the two samples, at least until these results are otherwise con-
firmed with some other independent high quality data set. Note also
that, when comparing the disk and the bulge populations (e.g. Fig. 27
of Bensby et al. 2013), the metal-poor tail of the thin disk ([Fe/H]<−0.2
dex), should not be considered for such a comparison: these are outer
(thin) disk stars and are almost non-existent in the inner disk and bulge
(lower blue sequence at [Fe/H] <−0.2 dex in the Fig. 27 of Bensby et al.
(2013)).
6 This is in fact expected if stars in B originated as part of the young
thick disk because the surface density distribution of the young thick
disk extends further from the galactic center compared to the more
metal-rich thin disk. Both of these components have similar local den-
sities and scale lengths, but the young thick disk scale height is approx-
imately two times larger than that of the metal-rich thin disk. Hence
we expect to find more stars of the young thick disk further from the
galactic center compared to those of the metal-rich thin disk.
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support and radial velocity dispersions (this last trend is valid
for the small bar viewing angle of the MW bar). Moreover, the
fractional contribution to the peanut-shaped density distribution
of component B tends to increase with latitude. This is another
argument in favor of the scenario where the stars that comprise
component B formed, on average, further away from the Galaxy
center than the stars that makeup component A.
When did these two components become part of the boxy
structure? A first possibility is that, components A and B were
both present in the MW disk at the time of bar formation.
Because of the chemical characteristics of these two compo-
nents, and because of the fact that A must have been, on av-
erage, more centrally concentrated than B, this would imply
the existence of a negative [Fe/H] gradient and of a positive
[α/Fe] gradient in the disk at the onset of the bar formation
and evolution phase of the Galaxy. Note that, with a differ-
ence ∆[Fe/H] =< [Fe/H] >A − < [Fe/H] >B∼ −0.4 dex
over most of the extent of the disk, the resulting radial gradi-
ent would be significantly flatter than the −0.4 dex/kpc needed
in the work of Martinez-Valpuesta & Gerhard (2013) to repro-
duce the vertical bulge abundance gradient observed in the MW.
In our opinion, a radial gradient as steep as that proposed by
Martinez-Valpuesta & Gerhard (2013) is unrealistic: it would
imply that the typical metallicity of the MW disk at 4–5 kpc
from the Galaxy center was between −1 and −1.4 dex. Such low
metallicities are never reached in the MW thin disk (see, for ex-
ample Fuhrmann 1999; Bovy et al. 2012; Haywood et al. 2013),
but are typical of the metal-poor tail of the thick disk and of the
MW halo (see, among others, Beers & Sommer-Larsen 1995;
Reddy & Lambert 2008; Nissen & Schuster 2010).
The second possibility is that, when the bar formed, the
young thick disk was already in place, while the thin disk had
not yet formed. This second scenario is compatible with a for-
mation epoch for the MW bar around z ∼ 1, the epoch of
bar growth in external galaxies (Sheth et al. 2008; Melvin et al.
2013). This age also corresponds to the transition epoch be-
tween the thick and thin disk formation at the solar vicinity
and a significant dip in the star formation rate (Haywood et al.
2013; Snaith et al. 2014). In this scenario, the young thick disk
was captured first in the bar instability, forming component B
of the bulge. Subsequent star formation formed the thin disk,
which was then also involved in the formation of the peanut
structure: stars close to the vertical resonance were scattered to
great heights from the plane, contributing to the thick part of
the peanut (in agreement with stars of component A being de-
tected at high latitudes as well), while the stars from the inner
disk contributed to the formation of population A close to the
mid-plane. To differentiate between these scenarios will require
N-body models which include realistic treatments of gas dynam-
ics, star formation and chemical enrichment. We note, however,
that stars younger than 8-9 Gyr seem to be present in the Galactic
bulge (Bensby et al. 2013). If confirmed, this result will favor
this scenario of continuous enrichment of the Galactic bulge by
younger disk populations.
4.1.2. Component C
Of the three main components, C is the only one in the bulge that
does not participate in contributing to the boxy/peanut structure.
Its kinematics is indeed compatible with a dynamically hotter
population, characterized by radial velocity dispersions nearly
constant with longitude and latitude (Ness et al. 2013b). As we
will discuss in the following section, it is difficult to reconcile
the chemical and kinematic properties of component C with a
classical bulge. The other possibility is that stars that comprise
component C are stars which are part of the old thick disk – a
population that was not significantly influenced by the buckling
of the bar because of its high velocity dispersions. Consistent
with this picture is the fact that its relative contribution to the
bulge increases with latitude as would be expected if it originated
from a component with a larger scale height than components A
and B (see the discussion in Ness et al. (2013b)). Even if the
models discussed in this paper do not include this component,
such a scenario seems compatible with the N-body simulations
which do include a thick disk and which show that indeed such
a kinematically hot component is much less sensitive to being
influenced by bar instabilities (Bekki & Tsujimoto 2011). While
further studies taking into account both thick and thin disk popu-
lations are needed to quantify the evolution of these thicker com-
ponents in the presence of a stellar bar, and thus to validate the
suggested scenario, we emphasize that the chemical properties
of population C (mean [Fe/H] and [α/Fe]) are also characteristics
of old thick disk stars within the solar vicinity (Haywood et al.
2013). Similarly, the high rotational support of component C,
which is similar to that of component A, also supports a (in situ)
disk origin for component C.
4.2. Is there any classical bulge in the MW?
The possibility that the MW hosts a classical bulge, hid-
den within the overall boxy/peanut-shaped structure, has been
debated for at least the last two decades (Zhao et al 1994;
Soto et al. 2007; Zoccali et al. 2008; Babusiaux et al. 2010).
Some general arguments should be considered in this debate.
First, if a classical spheroid is underlying the MW bulge, how
massive can it be? For a MW-type galaxy, the average bulge-to-
total light ratio, B/T, is ∼0.1 (Laurikainen et al 2007, Weinzirl
et al. 2009), with typical values between 0 and 0.2 (Weinzirl
et al. 2009). This implies bulge-to-disk ratios between 0. and
0.25, with an average value of about 0.11. However, the bulge-to-
disk ratio depends on the environment as well. Kormendy et al.
(2010), for example, remarked that out of the 17 giant disk galax-
ies found within 8 Mpc from the MW, 15 are compatible with be-
ing bulgeless or having very small bulges. Extending the sample
to 11 Mpc, Fisher & Drory (2011) confirm these results, with
80% of disk galaxies being either bulgeless or hosting a pseu-
dobulge. This suggests that, for the MW, a B/D greater than 0.1
is perhaps unlikely.
In any event, if the Galaxy hosts a classical bulge, the ex-
pected metallicity of this component can be estimated from the
results of bulges in other galaxies. Assuming a MW stellar mass
of about 5 × 1010M⊙ (McMillan 2011), the mass-metallicity
relation suggests typical [Fe/H] values around −0.3–0.4 dex,
for a spheroid ∼ 1010M⊙ (Gallazzi et al. 2005; Thomas et al.
2010). Specifically, from Gallazzi et al. (2005), one sees that for
a ∼ 1010M⊙ spheroid, a metallicity below −0.7 – -0.8 dex is un-
likely, with about only 15% of galaxies with those masses hav-
ing such a low metal content. Another independent approach is
to use the i−band absolute magnitude versus metallicity rela-
tion of classical bulges given by Zhao (2012). For an absolute
B-band of the MW bulge MB = −17.65 (Kormendy & Gebhardt
2001), and thus an i− band absolute magnitude necessarily lower
than this value, one obtains [Fe/H] values generally not below
−0.35 – −0.4 dex. Both arguments suggest that the classical
bulge, if present, likely would have metallicities compatible with
the component B of Ness et al. According to our models, at
B/D=0.25, a spheroid this massive would imply that a substantial
fraction of stars (between 30% and 50%) at high latitudes should
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have kinematic characteristics typical of a spheroid7 (Fig. 11)
but the kinematics of component B excludes this possibility.
Could the classical spheroidal population be masquerad-
ing as component C or hidden among its stars? For a num-
ber of good reasons, this is an appealing idea. For example,
component C shows the trends expected for a rather massive
bulge: its contribution increases with latitude and it does not
contribute to the boxy/peanut-shaped morphology of the bulge.
However, the mass-metallicity relation of bulges does not sup-
port this hypothesis: a bulge metallicity around −0.7 dex is typ-
ical of 108M⊙ spheroids (Lee et al. 2008; McConnachie 2012;
Kirby et al. 2013). Such a mass would be an absolutely negligi-
ble contribution to the bulge for a galaxy with mass and size of
the MW, or conversely, in order to maintain the necessary B/D
ratio of the MW, the MW would have to have an unrealistically
low mass of only about a few × 109 M⊙.
From these considerations, we favor a scenario where a clas-
sical bulge, if present, is hidden in component B, and it is small
(B/D<∼0.1). The results presented in § 3.4 suggest that a possible
signature of this classical component may be left in the radial ve-
locity distribution of the stars. We have shown, indeed, that even
if the classical component acquires some rotation during the sec-
ular evolution, its rotational support is always lower than that of
the disk counterparts. Moreover, the difference in the rotational
support of these two components increases with longitude. As
a result, the presence of a low velocity tail in the radial veloc-
ity distribution whose strength increases with longitude, may be
indicative of the presence of a small classical bulge component.
But is a classical spheroid really needed to explain the char-
acteristics of the MW bulge? The works cited at the begin-
ning of this section (Zoccali et al. 2008; Babusiaux et al. 2010;
Hill et al. 2011) all recognized that the complex kinematics and
chemistry found in the MW bulge is at odds with the presence
of a single stellar population with bar-like kinematics. They sug-
gested that the observed trends may be explained by a double-
component bulge, with an inner boxy-peanut structure formed
by vertical instabilities, and an outer classical bulge. However,
is this component really a classical spheroid? Babusiaux et al.
(2010) noted that, at high latitudes, the total radial velocity dis-
persion of stars along the bulge minor axis is dominated by
metal-poor stars that are dynamically hot. In other words, it is
the metal poor component that dominates the observed trend
of the radial velocity dispersion at high vertical distances from
the Galaxy plane (e.g. Fig. 2 in Babusiaux et al. 2010). Similar
trends have been found in models where the classical bulge be-
comes the dominant component at high latitudes and determines
the global trend of the velocity dispersion (Fux 1999). However,
in the Fux model, the classical bulge is very massive – in fact, too
massive for a MW-type galaxy – the bulge-to-disk ratio being of
the order of 0.5. With a lower bulge mass, around 10% of that of
the disk, consistent with that of the MW, it would not have been
possible to explain the kinematic trends observed in the Galactic
bulge: in the absence of a thick disk component, indeed, at all
latitudes, disk stars with bar-like kinematics would have been
the dominant component to the local stellar mass content, rather
than stars associated with a classical spheroid (Fig. 11).
This implies that the metal-poor, α−enhanced, dynamically
hot population dominating the MW bulge at high latitudes must
7 This is also consistent with the mass-size relation, which predicts
that a classical bulge with mass ∼few × 1010 M⊙ (that is ∼ 25% of the
disk mass) would have an effective radius ∼ 1 kpc. In this case, in the
kinematic fields at least up to |b| ≤ 7.5◦, one would expect to see a
non-negligible number of classical bulge stars.
have a different origin. The arguments presented at the beginning
of § 4 point indeed to a different scenario. There is a massive
stellar component (that could be about half of the present-day
MW stellar mass) already in place by z∼1. Even assuming that
an old (i.e. ages > 8 Gyr) classical spheroid about one tenth of
the current MW disk mass exists in the Galaxy, this would imply
that we are still left with about 80% of the stellar mass formed at
z ≥1 8 that is not in a classical spheroid. As a consequence, it is
this massive, disk-like, metal-poor,α−enriched component – the
thick disk – the one that is impossible to exclude from consider-
ation when interpreting the observed trends in bulge populations
with vertical distances within the MW bulge. We know the thick
disk exists and it must be contributing to the characteristics of
the bulge.
5. Conclusions
By means of idealized, dissipationless N-body simulations that
follow dynamical influence of the formation and subsequent
buckling of a stellar bar on disk stars, we have studied the forma-
tion and characteristics of boxy/peanut-shaped bulges and com-
pared them with the properties of the stellar populations of the
Milky Way’s bulge. The main general results of our modeling,
valid for the general family of boxy/peanut shaped bulges, are
the following:
1. Because of the radial migration initiated at the time of the
bar formation, boxy bulges are populated by stars born both
in the inner disk and in the outermost regions of the disk,
up to the OLR. That is, it is essentially the entirety of stellar
disk that is mapped into the stellar populations that comprise
the boxy bulge.
2. Stars formed outside the bar radius can constitute a non-
negligible fraction of the stars that currently comprise the
boxy bulge, in our modeling up to 30% of the stellar mass at
high latitudes.
3. The fraction of outside-in migrators in a boxy bulge in-
creases both with galactic latitude and longitude.
4. The contribution of stars to the local bulge density depends
on their birth radius: stars born in the inner disk tend to stay
confined in the innermost regions of the boxy bulge, while
stars born close to or beyond the vertical inner Lindblad res-
onance tend to populate the more extended regions of the
boxy/peanut-shaped structure.
5. The stellar birth radii are imprinted on the stellar kinemat-
ics of the bulge stars: bulge stars with larger birth radii have
higher levels of rotational support and line-of-sight velocity
dispersions compared with stars with smaller birth radii (but
note that the trends in the line-of-sight velocity dispersion
depend on the angle at which the bar is viewed).
6. If a classical spheroid is hidden among the stellar compo-
nents of a boxy bulge, then our modeling and empirical rela-
tionships between spheroidal mass and size and metallicity
indicate the following:
– Because of the existence of a mass-size relation for
spheroids, its contribution to the local density of the boxy
bulge depends on its mass: the larger the classical bulge-
to-disk ratio, the greater is its fractional contribution to
the stellar densities at high vertical distances from the
galaxy mid-plane.
8 This comes from the following argument: a B/D=0.1 implies that
Mbulge = 0.1 × Mdisk = 0.1 × (Mthin + Mthick) = 0.2Mthick. That is, of the
total stellar mass formed above z=1, only 20% can be in a classical old
spheroid, if Mthin = Mthick.
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– A boxy bulge which contains a small classical spheroid
(B/D=0.1) is dominated everywhere by stars originating
in the disk. In our models, the classical spheroid indeed
contributes, at most, about 20% of the local mass density
regardless of galactic longitude or latitude.
– For a more massive classical spheroid (B/D=0.25), its
contribution to the boxy bulge mass density stays con-
stant or increases with latitude. In the absence of a thick
disk component, our models predict that the ratio be-
tween the classical spheroid and disk stars mass can be-
come equal to 1 at high latitudes, that is the classical
spheroid becomes a non-negligible fraction of the stel-
lar content of the boxy structure far from the mid-plane.
– Even if classical spheroids acquires some rotational an-
gular momentum during the secular evolution of the bar
(see also Saha et al. 2012, 2013), their rotational support
is generally smaller than that of disk stars at the same lo-
cation: classical spheroids may be thus be revealed as a
low velocity tail in the line-of-sight velocity distribution
of stars in the boxy bulge, whose strength increases with
longitude.
Comparing these results with the properties of the stellar
populations in the Milky Way bulge obtained by the ARGOS
survey, we conclude that:
I The two most metal-rich components of the MW bulge have
a disk origin, with component B formed, on average, at
larger radial distances than component A.
II Because of their chemical and kinematic characteristics,
we suggest that component A and B are dominated by the
Galactic inner thin disk and by the young (ages ≤ 10 Gyr;
see Haywood et al. 2013) thick disk, respectively.
III Because of the existence of a mass-metallicity relation for
spheroids, and because of the properties of extra-galactic
classical bulges, it is difficult to associate component C with
a classical spheroid. Its high level of rotational support, as
deduced by radial velocity measurements, suggests a disk
origin for this component as well. On the basis of its chemi-
cal characteristics, we suggest that it is indeed associated to
the old galactic thick disk (ages in the range 8 –10 Gyr; see
Haywood et al. 2013).
IV The presence of a massive classical spheroid, with B/D∼0.2
can be excluded for the MW. If present, such a massive
component would indeed be significant at high latitudes
(30–50% of the local stellar density) and should have metal-
licities comparable to those of population B in the bulge.
The bar-like kinematic and morphology of population B ex-
cludes this possibility. As a result, if a classical bulge is hid-
den in the populations of the boxy-peanut structure, it can-
not be massive (B/D≤0.1). This result is in agreement with
those found by Shen et al. (2010); Kunder et al. (2012), on
the basis of kinematic arguments, thus supporting the sce-
nario that most of the mass of the MW’s bulge has a disk
origin.
Many observational arguments discussed in this paper sup-
port the presence of a massive thick disk in the inner Galactic
regions. Such a component cannot be neglected when tallying
the mass budget of the MW bulge and inner disk. Modeling its
interplay with and contribution to the bar and the thin disk will
be the focus of future studies.
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Appendix A: Exploring different galaxy models
The galaxy simulations presented in § 2 and 3 develop a bar
whose length (rbar =7 kpc) is about half of the initial disk size
(13 kpc). In these simulations, the corotation radius and the OLR
are located at 7 − 8 kpc, and 13 kpc, respectively. Since the ini-
tial disk does not extend further, it is natural to investigate what
is the response and redistribution of stars to bar formation and
evolution that are initially at even larger radii than in our orig-
inal simulations. In this Appendix, we have analyzed two addi-
tional simulations which are part of the sample of simulations
described in Halle´ & Combes (2013). These simulations include
gas physics, implementing a cooling prescription which allows
the gas to cool low temperatures and the formation of a molec-
ular hydrogen component, together with star formation and sev-
eral different stellar feedback efficiencies (see Halle´ & Combes
2013, for details). For the purpose of the comparison to the
models presented in this paper, we have chosen two simulations
from this suite without molecular hydrogen and alternatively,
with and without including stellar feedback. We have chosen
these two simulations because they develop stellar bars with dif-
ferent characteristics, thus allowing us to investigate the impact
of those characteristics, and specifically, the impact of the loca-
tion of the associated resonances, on the overall disk evolution.
We summarize the main features of the simulated galaxies for
these two simulations from Halle´ & Combes (2013): they con-
sist of a gSb-like galaxy, composed of a stellar disk whose mass
is Md = 4.5 × 1010M⊙, and whose scale length is ad =5 kpc; a
classical bulge whose mass is 0.25Md and characteristic radius
ab=1 kpc; and a gaseous disk whose mass is 0.2Md, and whose
scale length is 11.8 kpc. The gaseous and stellar disk compo-
nents follow a Miyamoto-Nagai density profile while the stellar
bulge and dark halo components have Plummer density profiles
(see Halle´ & Combes 2013, for a complete description of the
models). In particular, in these models the initial stellar disk ex-
tends to 36 kpc from the galaxy center, thus allowing us to trace
the evolution of stars up to distances of ∼8 disk scale lengths.
The total number of particles employed is 1200000, equally dis-
tributed in number as gas, stars and dark matter particles.
Both models develop prominent stellar bars, whose length
is about 7 kpc, at 1 Gyr after the start of the simulation. At
about t=5 Gyr, the corotation and OLR are located at r=10 kpc
and r=17 kpc respectively for the simulation with stellar feed-
back (Fig. A.1), while they are located slightly further out in the
simulation without stellar feedback (at r=12 kpc and r=20 kpc;
Fig. A.2). This difference is a result of the fact that the simulation
without stellar feedback has a lower bar pattern speed than the
simulation with stellar feedback. As was the case in our original
simulations (§ 3), the formation of the bar is accompanied by a
significant redistribution of the stars in the disk, with stars ini-
tially as far as 15-20 kpc, reaching the inner regions in less than 2
Gyr. These outside-in migrators become part of the stellar bar, as
is evident in their asymmetric distribution in the inner 5–10 kpc
which tracks the orientation of the bar. However, it is also inter-
esting to note that the outermost regions of the simulated disks,
those at distances greater than 15 kpc (Fig. A.1) and 20 kpc
(Fig. A.2) in the two simulated galaxies, stay mostly confined
to the outer disk, with only less than 1/1000 of those stars reach-
ing the bar region, after 9 Gyr in the simulations. The transition
radius where the different responses of the disk to the spatial
redistribution seems to occur is approximately the radius of the
OLR. In particular, comparing Figs. A.1 and A.2, one see that the
greater the radius of the OLR, the larger the disk region involved
in contributing stars to the outside-in migration. As a corollary
to this, it also means that the regions where stars do not migrate
inwards also occurs beyond a larger radius. While the study of
this behavior will be the subject of subsequent studies, the point
we wish to emphasize here is that in the MW all kinematically
cold populations inside the solar circle, where the MW bar OLR
is probably located (see, for example, Gerhard 2010), may have
contributed to make up the Galactic boxy/peanut-shaped bulge.
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Fig. 11. Same as Fig. 7 but for the case with B/D=0.1 (top panel) and B/D=0.25 (bottom panel). The contribution of the classical
spheroid is indicated in grey.
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Fig. 12. Same as Fig. 9, but for the model with B/D=0.1(top panels) and B/D=0.25 (bottom panels). The contribution of the classical
spheroid is indicated by dashed lines.
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Fig. A.1. (From top to bottom:) Face-on density distribution of stars with different birth radii: rini ≤ 5 kpc; 5 kpc≤ rini ≤ 10 kpc; 10
kpc ≤ rini ≤15 kpc; 15 kpc ≤ rini ≤20 kpc; 25 kpc ≤ rini. Different columns correspond to different times, as indicated. The total
stellar density distribution is given in the top row, at different times.
Di Matteo et al.: Mapping a stellar disk into a boxy bulge 21
t=0 Gyr
0<ri<5
5<ri<10
10<ri<15
15<ri<20
20<ri<25
ri>25
t=1 Gyr t=3 Gyr t=5 Gyr t=7 Gyr t=9 Gyr
−0.4
0.0
0.4
0.8
1.2
1.6
2.0
2.4
2.8
lo
g 1
0(
Σ
∗/
[M
⊙/
p
c2
])
Fig. A.2. Same as Fig. A.1, but for the model without stellar feedback.
